We have reported that the platelet intracellular calcium (Ca) mobilization after stimulation by serotonin (5-HT) is specifically enhanced in bipolar disorder among various psychiatric disorders, compared with that in normal control. To explore the mechanisms of enhanced Ca response to 5-HT in the platelets, we first examined the relation between the 5HT-elicited Ca mobilization and 5-HT 2A receptor density using the platelets from 13 normal subjects. From this study, we found no significant correlation between two measures. Then, we investigated the effects of staurosporine, a protein kinase C (PKC) inhibitor, on Ca response to 5-HT in platelets from patients with major depressive disorder (unipolar), bipolar disorder, and normal controls. While 5-HT-induced Ca mobilization, in the presence of 100 nM staurosporine, was significantly attenuated in normal controls and patients with major depressive disorder, the inhibitory effect of staurosporine was not observed in bipolar disorder. These results suggest that the failure in inhibiting the platelet intracellular Ca response to 5-HT in bipolar disorder may be related to increased activity of PKC rather than increased 5-HT 2A receptor number. Moreover, the trend of the Ca response towards staurosporine may become a specific biological marker for unipolar-bipolar dichotomy.
INTRODUCTION
We have reported that serotonin (5-HT)-induced intracellular calcium (Ca) mobilization in platelet is enhanced in drug-naive patients with some types of affective disorders (Kusumi et al, 1991b (Kusumi et al, , 1994 Suzuki et al, 2001 ). Other researchers (Mikuni et al, 1992; Eckert et al, 1993; Okamoto et al, 1994; Tomiyoshi et al, 1999) have obtained similar findings. The enhancement in Ca response to 5-HT continues after remission, which indicates that this response may be a trait-dependent rather than a statedependent marker (Kusumi et al, 1994; Tomiyoshi et al, 1999) . Furthermore, we reported in a naturalistic follow-up study that patients with enhanced Ca mobilization exhibited good response to mood stabilizers such as lithium or valproate (Kusumi et al, 2000) . Thus, exploring the mechanism of this enhancement might contribute to our understanding of the underlying pathophysiology of affective disorders.
The 5-HT-induced intracellular Ca mobilization in human platelets was mediated by 5-HT 2A receptors (Kagaya et al, 1990; Kusumi et al, 1991a) . Stimulation of 5-HT 2A receptors in human platelets increases phosphoinositide hydrolysis through Gq type G protein, producing inositol triphosphate, which mobilizes intracellular Ca from internal storage sites (Rittenhouse-Simmons, 1979; Affolter et al, 1984; de Chaffoy de Courcelles et al, 1985) . As previously suggested in depressed patients in several studies (Arora and Meltzer, 1989; Pandey et al, 1990; Hrdina et al, 1995; Sheline et al, 1995) , one possible explanation for enhanced Ca mobilization stimulated by 5-HT is that increased density of 5-HT 2A receptor binding sites in platelets causes larger Ca response to 5-HT. Enhanced Ca mobilization can be also explained by the altered 5-HT 2A -receptor function caused by enhanced transduction of stimuli through a postreceptor mechanism, that is, coupling between the receptor and G protein, or regulation of a second-or thirdmessenger pathway involving protein kinase. Recently, enhanced protein kinase C (PKC) activities in platelet or brain in affective disorders has been observed by some investigators (Friedman et al, 1993; Wang and Friedman, 1996; Pandey et al, 1998; Wang et al, 1999) .
In this pilot study, for the purpose of elucidating a relation between the density of 5-HT 2A receptors and the degree of intracellular Ca response after 5HT stimulation, we measured these two markers simultaneously in the same blood sample from normal subjects. Furthermore, we examined the effects of staurosporine, a PKC inhibitor, on 5-HT-induced Ca increase in the platelets from not only healthy subjects but also patients with major depressive disorder and bipolar disorder, in order to confirm the involvement of PKC in the enhanced Ca response to 5-HT.
MATERIALS AND METHODS

Materials
Serotonin (5-hydroxytryptamine) creatinine sulfate was purchased from Sigma Chemical Co. (St Louis, MO) . 
Subjects
For the simultaneous measurement of 5-HT 2A receptor binding and 5-HT-induced Ca mobilization, subjects were 13 healthy male volunteers, whose mean age (7 SEM) was 35.5 7 7.2 years. For the effects of several doses of staurosporine on Ca response to 5-HT, eight healthy subjects (four men, four women, 30.0 7 1.8 years) participated in the study. In all, 11 patients with major depressive disorder (six men, five women, 37.4 7 4.4 years), 10 patients with bipolar disorder (five men, five women, 37.3 7 3.8 years), and 11 sex-and age-matched normal controls (six men, five women, 38.0 7 2.5 years) participated in the comparison study. Written informed consent was obtained from all participants prior to blood sampling, which was approved by the Institutional Review Board in Hokkaido University School of Medicine. Patients were all drug-naive outpatients. A total of 10 subjects including two patients in manic episode and eight patients in depressive episode at the time of sampling were diagnosed using DSM-IV criteria as bipolar disorders. Patients who met the DSM-IV criteria for major depressive episode but had never experienced manic or hypomanic episodes were diagnosed as having unipolar major depressive disorder. All normal volunteers did not have any histories of psychiatric illness, family histories, and subsyndromal symptoms at the time of sampling. For at least 4 weeks before blood sampling all subjects had not received drugs such as aspirin that might interfere with platelet aggregation. They were free of physical illness including hypertension at the time of sampling.
Blood Sampling
Blood samples were taken from the antecubital vein and were anticoagulated by the addition of acid citrate dextrose (93 mM sodium citrate, 213 mM citric acid, 111 mM glucose; 1 vol/9 vol of blood).
5-HT 2A Receptor Binding Assay
A volume of 63 ml of venous blood taken from a subject was divided into 9 ml for the measurement of intracellular Ca concentration and 54 ml for receptor binding assay. Both experiments were performed simultaneously and started immediately after blood sampling. Isolated platelets were homogenized with a Polytron (setting 6.0) in hypotonic buffer (Tris-Na 2 EDTA 5 mM, pH 7.5). Platelet membranes were collected and centrifuged for 20 min at 30 000 g at 41C. The pellets were washed twice in 50 mM (pH 7.7) Tris-HCl buffer by successive centrifugations for 10 min at 30 000 g at 41C. The final washed platelet membranes were suspended in the same buffer in a concentration corresponding to 1 Â 10 9 original platelets/ml. Incubation mixtures were composed of 0.3 ml platelet membrane preparation, 0.05 ml of incubation buffer (50 mM Tris-HCl, pH 7.7 for total binding), or cold-displacing drug (10 mM methysergide, to define nonspecific binding), 0.05 ml [
3 H]ketanserin. The incubation was run for 15 min at 371C. The reaction was terminated by rapid filtration over Whatman GF/B filters presoaked by 0.1% polyethylenimine, which were rinsed twice with ice-cold 50 mM Tris-HCl buffer (pH 7.7 at 251C) using a 24-well cell harvester (Brandel, USA).
For saturation experiments, six concentrations of [ 
Measurement of 5-HT-Induced Intracellular Ca Mobilization
The isolation of platelets and the measurement of intracellular Ca concentration were performed as described previously (Kusumi et al, 1991a (Kusumi et al, , b, 1994 . Briefly, plateletrich plasma (PRP) was prepared by centrifugation at 200 g for 10 min at room temperature. After 15 min incubation with 4 mM fura-2/AM, platelets were isolated from the PRP by further centrifugation at 650 g for 15 min. The resulting platelet pellet was suspended at 1 Â 10 8 cells/ml in KrebsRinger HEPES buffer (145 mM NaCl, 5 mM KCl, 1 mM MgSO 4 , 0.5 mM Na 2 HPO 4 , 6 mM glucose, 10 mM HEPES, 1 mM CaCl 2 , pH 7.4). The samples were prewarmed in a cuvette at 371C for 4 min with staurosporine that was dissolved in Krebs-Ringer HEPES buffer or an equivalent volume of Krebs-Ringer HEPES buffer as control, and then 10 mM 5-HT was added to the incubation medium. Fluorescence was measured on a Hitachi F-2000 fluorometer with excitation at 340 and 380 nm, and with emission at 510 nm. Intracellular Ca concentrations were calculated from the ratio of fluorescence intensities at two excitation wavelengths in the platelet samples according to the method of Grynkiewicz et al (1985) . We examined the maximum Ca response (Ca increase ¼ initial peak (nM)Àresting level (nM)) after stimulation by 5-HT. The intraassay coefficient of variation (CV) was 4.7% and the interassay CV 11.2% as described in the previous report (Kusumi et al, 1991a) .
Statistical Analysis
Values are expressed as means 7 SEM. Pearson's correlations were used to assess the inter-relations between intraplatelet Ca response and the B max or K D of 5-HT 2A receptors. The effect of several doses of staurosporine on Ca increase was examined using a one-factor repeated measures of ANOVA followed by Dunnet's test. The effect of 100 nM staurosporine on Ca increase for each group was determined with paired t-test. Comparing intracellular Ca response among the three groups, data were analyzed for statistical significance by one-way ANOVA for multiple comparisons followed by Scheffe's test.
RESULTS
In the study investigating the relation between Ca increase and 5-HT 2A receptor number, the maximal increase of intracellular Ca concentration after 10 mM 5-HT stimulation ranged from 36.8 to 128 nM with a standard deviation of 31.3 nM. The B max of 5-HT 2A receptors were from 7.6 to 13.5 fmol/mg protein with a standard deviation of 1. As shown in Figure 2 , there is no remarkable change in 5-HT-induced Ca increase when preincubated with staurosporine at lower concentrations than 10 nM, while Ca increases induced by 5-HT were significantly reduced when platelets were incubated in the presence of 100 nM or 1 mM staurosporine compared with those in the absence of staurosporine (control) (72.3% of control for 100 nM, 64.9% of control for 1 mM staurosporine, po0.01 for each dose). There was no significant difference in 5-HT-induced Ca increase between the three groups (df ¼ 2, F ¼ 0.275, p ¼ 0.761: 91.7 7 6.4 nM for normal controls; 94.7 7 5.9 nM for patients with major depressive disorder; 99.3 7 9.2 nM for patients with bipolar disorder). In the presence of 100 nM staurosporine, Ca increases elicited by 5-HT in not only normal control but also major depressive disorder were markedly lower than that in the absence of staurosporine (vehicle) (71.2 7 3.8% of vehicle, po0.0001 for normal control; 74.0 7 5.7% of vehicle, p ¼ 0.0017 for major depressive disorder) (Figure 3) . However, 5-HT-induced Ca mobilization in bipolar disorder was not changed when preincubated with 100 nM staurosporine (102.0 7 8.1% of vehicle, p ¼ 0.5888) (Figure 3 ).
DISCUSSION
Several investigators have indicated increased 5-HT 2A receptor density in the frontal cortex (McKeith et al, 1987; Yates et al, 1990) or in the platelets (McBride RA et al, 1983; Biegon et al, 1987; Arora and Meltzer, 1989; Pandy et al, 1990; Hrdina et al, 1995; Sheline et al, 1995) of depressed patients. However, these findings have not always been confirmed (Cowen et al, 1987; Cheetham et al, 1988; McBride et al, 1994; Neuger et al, 1999) . The number of platelet 5-HT 2A binding sites in manic subjects has also been reported to be the same as in controls (Velayudhan et al, 1999) . Furthermore, decreased 5-HT 2A receptors in frontal cortex in drug-free depressed patients has been observed in a positron emission tomography (PET) study (Biver et al, 1997; Attar-Levy et al, 1999; Yatham et al, 2000) . Biegon et al (1990) suggested that 5-HT 2A receptor binding on blood platelet is a state-dependent marker in depression. Thus, it is possible that the density of 5-HT 2A receptors might change in the clinical course of affective disorders. It is reported, as mentioned above, that Ca response to 5-HT in the platelet could be a trait-dependent rather than a state-dependent value (Kusumi et al, 1994; Tomiyoshi et al, 1999) . In the present study, no positive correlation between the density of 5-HT 2A receptors and intracellular Ca response to 5-HT was found in platelets with normal subjects. This result suggests that the number of 5-HT 2A receptors may not influence platelet intracellular Ca mobilization after 5-HT stimulation. Therefore, even in the case of the platelets of affective disorders, it is unlikely that increased Ca response to 5-HT may be because of the number of 5-HT 2A binding sites. Further studies are required to investigate the correlation between the two measures in the platelet of patients with affective disorders. Ca mobilization elicited by thrombin has been also reported to be enhanced in platelets with bipolar disorder, but not in unipolar depressive disorder (Dubovsky et al, 1991; Kusumi et al, 1992) . Thus, there might be some alterations in intracellular signal transduction in platelets with bipolar disorder that are common to both the 5-HT-and thrombininduced Ca mobilizing pathways, which is not influenced by the density of 5-HT 2A receptors.
Although we failed to observe the difference in 5-HTinduced platelet intracellular Ca increase between patients and controls in this study, we showed apparent higher Ca response to 5-HT in bipolar disorder than unipolar depression and normal control in the presence of staurosporine. Two reasons can be considered for the failure in this study to produce the difference in 5-HT-elicited Ca mobilization among three groups in the absence of staurosporine.
First, the sample number examined in this study is relatively small compared with the previous report. The Ca mobilization in bipolar disorder was larger than that in control and unipolar depression, but it was not statistically significant. Enhanced platelet intracellular Ca response to 5-HT in untreated affective disorder is a relatively common finding except one report (Bothwell et al, 1994) . In our previous report, both unipolar and bipolar disorder patients showed higher Ca response to 5-HT compared with control (Kusumi et al, 1994) . However, the Ca mobilization in patients whose diagnoses have changed from unipolar depression to bipolar disorder, during the follow-up for a period of 8-10 years, was significantly higher than in patients whose diagnoses remain unipolar depression (Suzuki et al, 2001) .
Second, we intended to choose control subjects in this study who had showed relatively high Ca response to 5-HT in the previous trial, for the purpose of defining the pathophysiology of bipolar disorder. Although the Ca response in the platelet induced by 5-HT is a stable biological index (Kusumi et al, 1991a) , there exists some normal subjects whose Ca response show relatively high value to a degree of bipolar disorder patients. In other words, even if relatively high response to 5-HT is obtained in the platelets from normal control and major depressive disorder, we may be able to clarify whether the diagnosis of the subject is bipolar disorder or not, by means of preincubating platelets with staurosporine.
Staurosporine, a nonspecific protein kinase inhibitor, is often used as a PKC inhibitor because it is reported to inhibit PKC at the nanomolar level (Tamaoki et al, 1986) . Half maximal concentration of staurosporine to inhibit purified PKC activity interacting with the ATP-binding site has been reported to be 2-6 nM (Tamaoki et al, 1986; Meyer et al, 1989; Asano et al, 1995) . Staurosporine at a concentration lower than 100 nM had no remarkable effect on 5-HT-induced platelet intracellular Ca increase in the present study. Human platelets contain a-, b-, d-, and z-PKC isozymes (Wang et al, 1999) . In these isozymes, the activity of purified z-PKC is reported to be not sufficiently inhibited by staurosporine at concentrations lower than 100 nM (Geiges et al, 1997) . Friedman (1996, 2001) suggested that membrane-associated z-PKC was elevated in bipolar disorder brains. If z-PKC are related to the mechanism of agonist-induced Ca mobilization, inhibition of this isozyme may be responsible for reduced Ca mobilization by staurosporine at concentrations higher than 100 nM, that is demonstrated in platelets from normal subjects, and increased activity of this isozyme in bipolar disorder patients may prevent this inhibitory effect of 100 nM staurosporine. However, staurosporine at 100 nM can also inhibit cyclic AMP-dependent protein kinase (PKA), phosphorylase kinase, tyrosin kinase, and other kinases (Meyer et al, 1989) . And 5-HT has been reported not to translocate z-PKC in platelets from cytosol to membrane (Wang et al, 1999 ). The precise mechanism of inhibitory effect of 100 nM staurosporine on Ca mobilization observed in this study remains to be complicated. Staurosporine at 100 nM seems at least to act on the protein related to the regulation of Ca release from intracellular Ca storage site and decrease the Ca mobilization, because with preincubation with 100 nM staurosporine, 5-HT-induced Ca mobilization also reduced in the absence of external Ca in healthy subjects (62.8% of control) (data not shown).
In conclusion, this study suggests that enhanced 5-HTinduced platelet intracellular Ca mobilization in bipolar disorder may have a relation with increased activity of PKC rather than increased 5-HT 2A receptor number. And there is a possibility that measurement of platelet intracellular Ca response both in the absence and presence of staurosporine could be a specific biological marker for unipolar-bipolar dichotomy.
